Early B-cell factor (EBF) belongs to an evolutionarily conserved family of DNA binding proteins (9) . EBF was first identified in B lymphocytes as a transcriptional regulator of the mb-1 gene (11, 17) . In separate studies it was identified as Olf-1, a regulator of genes in olfactory neurons (23, 51) . Thus far, three EBF homologues have been identified, and they share a high degree of sequence identity in the DNA binding and dimerization domains (52) . EBF binds DNA as a homodimer or a heterodimer to variants of the palindromic sequence ATTCCCNNGGGAAT (48) . A dimerization domain facilitates DNA binding, which is mediated by a unique zinc coordination motif (16) . One transcriptional activation domain has been mapped to the C-terminal region of the protein, while a second context-dependent activation domain appears to reside within the DNA binding domain (16) . In hematopoietic cells expression of EBF is limited to B lymphocytes. Expression is high throughout the various stages of B-cell ontogeny with the exception of terminally differentiated plasma cells, where EBF expression is extinguished (15, 17) . The most profound phenotype exhibited by mice homozygous for a targeted deletion of the EBF gene is the complete lack of B cells, indicating a critical role for EBF in B-cell specification (25) . EBF target genes include mb-1 (17), 5 and V-preB (46) , and B29 (2) , all of which are critically important for early B-cell development (6, 37, 41) .
Although EBF has been characterized as a transcriptional activator, the mechanisms by which it activates transcription are not fully understood. Studies of the 5 and V-preB promoters have shown that EBF collaborates with E47 (14, 45, 46) , another transcription factor necessary for early B-cell development (4, 55) . Genetic studies also point to a collaborative relationship between EBF and E47. Mice carrying single copies of both the EBF and E47 genes (compound heterozygotes) show a more profound B-cell phenotype than do mice carrying single copies of either gene alone (36) . While E47 is known to recruit p300/CBP to DNA (10) , the role played by EBF in promoter activation has not been determined.
Transcriptional coactivators can alter chromatin in two ways: by covalently modifying histones and by remodeling chromatin (12, 31, 49) . Histone-modifying enzymes include histone acetyltransferases (HATs), kinases, and methylases (5, 20) . Such modifications can exert either positive or negative effects on transcription. Histone acetylation is normally associated with transcriptional activation because acetylated histones cannot readily pack DNA into higher-ordered chromatin and because acetylated histones may directly recruit transcriptional activators (20) . Several HATs have been identified, including p300, CBP (34) , and PCAF (53) , and typically exist in multiprotein complexes. Histone deacetylases (HDACs) are enzymes that deacetylate histones and therefore antagonize HATs (21) . A dynamic and regulated balance between HAT and HDAC recruitment can be critical to the activity of a given gene. The chromatin remodelers comprise several multiprotein complexes, exemplified by the SWI/SNF complex. In vitro assays for chromatin remodeling typically measure the repositioning of nucleosomes on DNA and require the hydrolysis of ATP. The manner in which chromatin remodelers work in vivo is less clear, but it is widely assumed that they generate access to both transcriptional regulatory proteins, including in some cases histone-modifying enzymes, and components of the basal transcription apparatus (1, 8, 22, 47) . Unlike HATs and HDACs, regulatory pathways that specifically target chromatin remodelers have not been described.
Although HDACs likely represent the most common means of antagonizing HAT-mediated transcription, proteins that inhibit HATs directly have also been described. E1A (12S), for example, binds to and inhibits the HAT activity of both p300 and PCAF (7, 18, 39) . Interestingly, similar inhibition has also been described for the DNA binding proteins Twist (18) and Pu.1 (19) and for the Hox family of homeodomain proteins (44) . A multiprotein complex (INHAT) has been isolated from HeLa cells that also inhibits p300 HAT activity but does so by binding histones and blocking access of the enzyme to nucleosomal templates (42) . Forced expression of Pu.1 in MEL cells blocks both dimethyl sulfoxide-induced differentiation and the corresponding increase in CBP acetyltransferase activity, supporting a role for Pu.1 in inhibiting CBP activity during normal erythropoiesis (19) . Although provocative, the in vivo significance of the other inhibitory activities has not been addressed.
In the present study, we sought to examine the manner in which EBF stimulates transcription. Although EBF binds p300/CBP, we found that it represses HAT activity when not bound to DNA. Accordingly, EBF is not likely to activate transcription by recruiting p300/CBP per se, although p300/CBP recruitment may contribute to the cooperativity imparted by other DNA binding proteins at EBF target genes. Our data reveal an intriguing property of EBF and suggest that it plays a role functionally distinct from that of E47 at the 5 promoter.
MATERIALS AND METHODS
Plasmids. The in vivo EBF expression plasmid pCMV-EBF has been described previously (15) . For in vitro EBF expression, the EBF cDNA was subcloned into pcDNA3 (Invitrogen). Constructs for the expression of six-Myctagged EBF and six-Myc-tagged EBF fragments have been described previously (45) . pCMX-Gal4-CBP was a gift from Debu Chakravarti (University of Pennsylvania). pCMV-E47 and pCMV-Gal4-E47(Act) have been described previously (35, 43) . The various CBP fragments used for in vitro transcription and translation were cloned into pBSKII and were provided by Gerd Blobel (Children's Hospital of Philadelphia). pGEX-EBF was made by isolating the EBF cDNA from pCMV-EBF by XhoI digestion and subcloning it into the XhoI site of pCMV-Tag3B (Clontech), followed by EcoRI digestion and subcloning the EBF cDNA into the EcoRI site of pGEX4T-1 (Pharmacia). Detailed methods for the construction of glutathione S-transferase (GST) expression plasmids carrying the truncated GST-EBF proteins (amino acids [aa] 1 to 310, aa 108 to 591, and aa 311 to 591) are available upon request. Plasmids expressing the Gal4-CBPHAT and Gal4-CBPHAT⌬ fusion proteins have been described previously (29) .
Reporter constructs Gal4-E1b-Luc and [E5 ϩ E2] 6 -TATA-Luc were made by replacing the chloramphenicol acetyltransferase gene in Gal4-E1b-CAT and [E5 ϩ E2] 6 -TATA-CAT (35) with the luciferase gene. 5-Luc and Gal4-AdML-TATA-CAT have been described previously (29, 46) . Luciferase reporters under the control of the Fos promoter have been described previously (46) with or without the mouse immunoglobulin heavy chain (IgH) enhancer inserted 3Ј to the luciferase gene (at the BamHI site).
Protein-protein interaction assays. (i) In vitro. GST fusion proteins were purified from Escherichia coli BL21 cells. In vitro transcription and translation of the various CBP and EBF fragments were carried out with the TNT coupled transcription-translation assay system (Promega) in the presence of [ 14 C]leucine. The synthesized proteins were then incubated overnight in binding buffer (75 mM NaCl, 25 mM Tris-Cl [pH 7.8], 6% glycerol, 1% bovine serum albumin [BSA] , 0.1% NP-40, 1 mM EDTA, 1 mM dithiothreitol, and protease inhibitor cocktail [Roche]) with appropriate GST fusion proteins bound to glutathioneSepharose 4B beads. The beads were then washed five times with wash buffer (75 mM NaCl, 25 mM Tris, 0.15% Triton X-100). The bound proteins were resolved by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and visualized with a phosphorimager.
(ii) In vivo. Expression vectors for six-Myc-tagged EBF or six-Myc-tagged EBF fragments were transfected into 293T cells, and after 48 h the cells were harvested and lysed in NP-40 buffer (1% NP-40, 75 mM NaCl, 25 mM Tris-Cl [pH 7.8], 6% glycerol, 1% BSA, 1 mM EDTA,1 mM dithiothreitol, and protease inhibitor cocktail) on ice for 1 h. After centrifugation, the lysates were precleared with protein A/G plus agarose beads (Santa Cruz) in NP-40 buffer and then incubated with myc9e10 antibody-conjugated agarose beads (Santa Cruz) at 4°C overnight. The beads were then washed five times with wash buffer (75 mM NaCl, 25 mM Tris, 0.15% Triton X-100). The precipitated proteins were resolved by SDS-PAGE, followed by Western blotting with anti-CBP antibody (Santa Cruz) as the primary antibody and horseradish peroxidase-conjugated anti-rabbit antibody (Amersham) as secondary antibody.
Transient-transfection and reporter assays. NIH 3T3 and 293T cells were cultured in Dulbecco modified Eagle medium containing 10% fetal bovine serum, 2 mM glutamine, and 1ϫ penicillin-streptomycin (Gibco). U2OS cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 1ϫ penicillin-streptomycin, and 2 mM sodium pyruvate. NIH 3T3 and U2OS cells were transfected by using Fugene (Roche). Cells were harvested 48 h after transfection. S194 plasmacytoma and 230-238 pre-B cells were transfected as previously described (3, 46) . Luciferase assays were carried out with the dual luciferase assay system (Promega). Chloramphenicol acetyltransferase assays were carried out as described previously (35) .
RT-PCR assays. Reverse transcription-PCR (RT-PCR) assays of transfected NIH 3T3 cells were carried out as previously described with minor modifications (54) . Briefly, total RNA was prepared with the RNeasy purification kit (Qiagen). For reverse transcription, 5 g of total RNA was used, and the reaction was carried out with Moloney murine leukemia virus reverse transcriptase (Promega). One-tenth of the reverse transcription reaction mixture was used in the subsequent PCR, in which AmpliTaq Gold polymerase was used (Perkin-Elmer). PCRs were carried out by first heating the samples at 95°C for 10 min and then subjecting them to 25 to 40 cycles of PCR: 30 s at 95°C, 1 min at 60°C, and 1 min at 72°C. I primers were 5Ј-GGTGGCTTTGAAGGAACAATTCCAC and 5Ј-TCTGAACCTTCAAGGATGCTCTTG. 5 primers were 5Ј-CTTGAGGGTC AATGAAGCTCAGAAGA and 5Ј-CTTGGGCTGACCTAGGTTG. Primers for ␤-actin were from Stratagene.
HAT assays. HAT assays were performed as previously described (7). Flagtagged p300 protein was purified from baculovirus-infected Sf9 cells. GST-EBF was purified from bacteria, and approximately 200 ng of full-length protein was added to each reaction mixture (most of the protein sample consisted of degradation products). The reaction was carried out at 30°C for 10 min. The reaction products were resolved by SDS-14% PAGE and quantified with a phosphorimager.
Electrophoretic mobility shift assays (EMSAs). EMSAs were carried out as previously described (45) . Briefly, oligonucleotides were annealed and end labeled with [␥-32 P]ATP by using T4 polynucleotide kinase (Invitrogen). In vitrotranscribed and -translated EBF or the EBF fragment consisting of the DNA binding and dimerization domains was incubated for 30 min at room temperature with labeled probe in the absence or presence of in vitro-transcribed and -translated CBP fragment IV. The reaction mixtures were then subjected to electrophoresis on a 6% polyacrylamide-Tris-borate-EDTA gel and analyzed with a phosphorimager.
RESULTS

Interaction of EBF and CBP in vitro and in vivo.
The vast majority of transcription factors appear to utilize the transcriptional coactivator p300/CBP. To determine if this is the case for EBF, we first asked if a GST-EBF fusion protein could bind in vitro-translated CBP. We assayed various segments of CBP and found that fragment IV, encompassing aa 1626 to 2260 of CBP, interacted well with GST-EBF in vitro (Fig. 1A) . We also detected a weak interaction between GST-EBF and CBP fragment II, which includes aa 117 to 737. CBP fragment IV contains a portion of the C-terminal region of the HAT domain and the cysteine-histidine-rich C/H3 domain (28) . The C/H3 domain of p300/CBP is involved in the interaction with many p300/CBP-binding proteins such as E1A, E47, and GATA-1. In our in vitro binding analyses, we found that both the C/H3 domain and the C-terminal region of the HAT domain could 3838 ZHAO ET AL. MOL. CELL. BIOL.
interact with full-length EBF (Fig. 1B) . Employing GST fusion proteins containing various fragments of EBF, we observed that CBP fragment IV could interact with both the N-terminal half of EBF (aa 1 to 310), containing the DNA binding domain, and the C-terminal half of the protein (aa 311 to 591), comprising the dimerization domain and the major transactivation domain (Fig. 1C) .
To assess the ability of EBF and CBP to interact in vivo, we employed coimmunoprecipitation assays. We transfected 293T cells with expression vectors for Myc-tagged full-length EBF, or various EBF fragments, along with Flag-tagged CBP. Cell lysates were treated with an anti-Myc antibody, and precipitated proteins were analyzed by Western blotting with an antiFlag antibody. We observed Flag-tagged CBP in the precipitates, but only in the presence of Myc-tagged EBF ( Fig. 2A) . Consistent with our in vitro experiments, we also found that both the N-terminal region and the C-terminal region of EBF could interact with CBP. We also looked for interactions between EBF and endogenous CBP. 293T cells were transfected with only the EBF expression plasmid, and an anti-CBP antibody was used in the Western analysis of precipitated proteins. Again, confirming the interaction, endogenous CBP was observed in the anti-Myc precipitates only in the presence of Myc-tagged EBF (Fig. 2B) .
HAT activity of the coactivators p300/CBP and PCAF is sensitive to the adenovirus E1A protein (7, 18, 39) . Accordingly, transcription factors requiring p300/CBP or PCAF are sensitive to expression of E1A in vivo. Surprisingly, we found that EBF activity-as measured by its ability to stimulate transcription from the 5 promoter in transfection assays-was completely insensitive to E1A (Fig. 3A) . In fact, E1A reproducibly stimulated EBF activity on both this promoter and the CD19 promoter (data not shown). In contrast, E1A completely blocked the ability of E47 to stimulate transcription from a promoter containing E boxes upstream of a TATA box (Fig.  3B) . We conclude that, although EBF and p300/CBP can form a complex, EBF does not require the HAT activity of p300/ CBP to stimulate transcription.
Inhibition of p300/CBP by EBF. E1A, Twist, Pu.1, and the Hox family of DNA binding proteins bind to, yet inhibit, p300/ CBP HAT activity (7, 18, 19, 39, 44) . We used several assays to see if EBF might do the same. In the first, we asked if EBF could affect the activity of full-length CBP as a Gal4 fusion protein. Gal4-CBP activated transcription from a promoter bearing Gal4 binding sites upstream of a TATA box, but in the presence of EBF, activity was inhibited (Fig. 4A) . Similar results were obtained with Gal4-p300 (data not shown). Previous studies have shown that, when tethered to Gal4, a CBP fragment containing the HAT domain (CBPHAT) can activate transcription from an adenovirus early promoter in U2OS cells. This activity is entirely dependent on the HAT domain of CBP and therefore represents an in vivo assay for HAT function (29) . We confirmed this result and showed that a mutant CBP harboring a small, 18-aa deletion in the HAT domain (CBPHAT⌬) was unable to activate transcription (Fig. 4B ).
When we added EBF to the assay mixture, we observed a decrease in transcription (Fig. 4C) . We also examined the effect of EBF on HAT activity in vitro. We used purified p300 and measured its ability to acetylate histones H3 and H4 in the presence of radiolabeled acetyl coenzyme A. Activity was assessed by autoradiography and quantitated with a phosphorim- ager. We confirmed that p300 was able to acetylate both H3 and H4 and that the addition of INHAT inhibited the reaction. The addition of purified GST-EBF also inhibited the reaction while GST alone had no effect (Fig. 4D) . We conclude that EBF can inhibit the HAT activity of p300/CBP both in vivo and in vitro. A series of EBF deletion mutants were used to map the region on EBF required for inhibition of Gal4-CBP in vivo. We found that the DNA binding domain of EBF (aa 1 to 297) was sufficient to inhibit Gal4-CBP and that addition of the dimerization domain (aa 1 to 430) led to more effective inhibition (Fig. 5A) . Expression levels of the various deletions revealed that EBF(108-591) was expressed at relatively low levels (Fig.  5B) . To ensure that the lack of inhibitory activity of this mutant was not a function of low protein levels, we carried out a titration with increasing amounts of EBF(108-591) and confirmed that it lacked activity at higher expression levels (data not shown). We conclude that EBF can target p300/CBP and that inhibition requires the DNA binding domain of EBF.
The ability of EBF to inhibit p300/CBP prompted us to examine EBF's effect on transcriptional activation by other transcription factors. As shown above, E47 is sensitive to E1A, a well-established inhibitor of p300/CBP. We found that EBF also inhibited transcriptional activation by E47 and by the E47 activation domain fused to Gal4 (Fig. 6 ). EBF also inhibited transcriptional activation by Gal4-VP16, TFE3, and Notch (data not shown), all of which utilize p300/CBP (10, 13, 38, 50) . These data raised the possibility that EBF may be able to antagonize the activity of E47 in B lymphocytes, despite genetic data that indicate that the two proteins collaborate to promote B-cell development. To address this, we first attempted to generate S194 and J558 plasmacytoma cells that express retrovirally transduced EBF. Plasma cells do not normally express EBF, so we reasoned that such cells would let us evaluate the effect of EBF on the expression of E47 target genes (e.g., immunoglobulin genes) and EBF target genes (e.g., the V-preB and 5 genes). However, of over 70 viruspositive clones, none expressed active EBF as judged by EMSA, whereas expression was readily detected in transduced BaF3 cells (data not shown). These data argue that plasma FIG. 4 . EBF inhibits p300/CBP in vivo and in vitro. (A) Activity of Gal4-CBP (20 ng) was measured in NIH 3T3 cells by using the Gal4-E1b-Luc reporter (100 ng) in the absence or presence of CMV-EBF (20 ng). (B) Activity of the CBPHAT domain as a Gal4 fusion protein (0.5 g) was assessed in transfected U2OS cells by using the Gal4-AdML-TATA-CAT reporter (500 ng). (C) As for panel B activity of Gal4-CBP was assessed in the presence of an EBF expression vector (0.5 or 1 g). (D) p300 HAT activity was measured in vitro by using purified histones and radiolabeled acetyl coenzyme A alone or in the presence of the indicated proteins. Acetylated histones were visualized with a phosphorimager.
VOL. 23, 2003 INHIBITION OF p300/CBP BY EBF 3841 cells cannot tolerate EBF. Therefore, in the absence of stably transduced clones, we transiently transfected EBF into B lymphocytes and assessed the effect on a reporter carrying a Fos promoter linked to the IgH enhancer, a target of E47. We found that in S194 cells EBF decreased activity of the reporter in a dose-dependent manner (Fig. 7, left panel) , while having no effect on a reporter driven by the Fos promoter alone (center panel). Interestingly, EBF did not repress activity of the IgH enhancer in transfections of the pre-B-cell line 230-238 (right panel). Although we will need to analyze many additional cell types to get a more complete picture, these results suggest that the ability of EBF to repress p300/CBP is cell type dependent and that EBF does not antagonize E47 in pre-B cells. The nature of this apparent cell type specificity is currently being investigated. Distinct properties of free and DNA-bound EBF. Our data raised an interesting question: how can EBF inhibit E47 in reporter assays in fibroblasts and yet in the same assays work collaboratively with E47 to stimulate transcription from the 5 promoter? We first confirmed that EBF and E47 synergize at the 5 promoter by using transient transfections of NIH 3T3 cells. As reported previously, EBF was able to activate the 5 promoter on its own (Fig. 8A) , and yet the combination of EBF and E47 was much more effective than was either protein alone (Fig. 8B) . We also measured the ability of EBF and E47 to activate transcription from the endogenous 5 gene in transfected NIH 3T3 cells. Again, as reported previously, EBF was sufficient to activate transcription from the endogenous 5 gene and transcription was enhanced in the presence of transfected E47 (Fig. 8C, top panel) . When we simultaneously measured the ability of E47 to activate transcription from the endogenous IgH locus, by using I sterile transcripts as a readout, EBF effectively inhibited transcription (Fig. 8C , middle panel). Thus, the ability of EBF to activate or inhibit transcription is also promoter dependent. Interestingly, EBF inhibited transcription at much lower concentrations than those needed to detect transcriptional activation of the 5 gene. However, we cannot conclude from this that widespread inhibition by EBF occurs at concentrations that are normally associated with transcriptional activation. It is just as likely that activation of the endogenous 5 gene in NIH 3T3 cells requires abnormally high levels of EBF.
The 5 promoter has binding sites for both EBF and E47, whereas the heavy chain gene is not known to bind EBF (3). We reasoned, therefore, that EBF might generally activate transcription of genes containing EBF binding sites and might repress transcription of those without EBF sites. However, given the effect of EBF on p300/CBP, we wanted to know if DNA-bound EBF was also capable of inhibiting p300/CBP. bind DNA and p300/CBP at the same time and, therefore, that DNA-bound EBF does not inhibit p300/CBP. Consistent with this, we found that transcriptional synergy imparted by E47 at the 5 promoter was partially inhibited by E1A (Fig. 9B) , suggesting that p300/CBP contributes to transcriptional activation at the 5 promoter in the presence of DNA-bound EBF.
DISCUSSION
The results presented here describe an intriguing property of EBF and provide clues as to its mechanism of transcriptional activation. We show that overexpressed EBF can activate transcription but can also function as a potent and general inhibitor of transcription in fibroblasts and plasma cells by targeting the coactivator p300/CBP. Inhibition of p300/CBP correlates with a direct interaction between the two proteins that maps to the HAT and C/H3 domains of p300/CBP. The manner in which inhibition occurs has yet to be investigated, but it is likely that EBF functions as a competitive inhibitor of HAT enzymatic activity. At the present time we can only speculate as to why EBF inhibits p300/CBP. Indeed, the relevance of such an activity for E1A (7, 18) , Twist (18), Pu.1 (19) , the Hox proteins (44) , and the Rb-interacting protein EID-1 (27, 30) is largely conjecture. While it is clear that the levels of p300 and CBP are critical for proper development-mutations in a single copy of the CBP gene in humans lead to Rubinstein-Taybi syndrome (40) , and mice heterozygous for a deletion of the CBP gene develop hematopoietic malignancies (24)-it is not known if any of the aforementioned proteins, including EBF, functionally diminish p300/CBP activity within a B cell. Mice carrying only one functional EBF gene do show a mild B-cell phenotype (25, 36 ), but we cannot say if this is due to elevated p300/CBP activity. In fact, our preliminary data suggest that the inhibition of p300/CBP by EBF may not be relevant to the B-cell types in which it is normally expressed. It remains to be determined if it is relevant to other EBF-expressing cell types such as neurons or adipocytes. Pu.1, which can inhibit p300/CBP HAT activity at physiological levels and whose expression correlates inversely with HAT activity in erythroid cells (19) , stimulated rather than inhibited I transcription in the presence of E47 (F. Zhao, unpublished observations). The ability of Pu.1 to activate rather than repress I might be related to the fact that E has a Pu.1 binding site (33) . We would propose that the inhibition of p300/CBP would be an important aspect of EBF's function only if there were significant amounts of free EBF in cells. This is not known. Even then, it would likely inhibit only a small set of genes whose activities are particularly sensitive to fluctuations in p300 and/or CBP levels.
Detailed knowledge concerning the individual roles of EBF and E47 in transcriptional activation will require the generation of cell lines that express only EBF or only E47 and the analysis of chromatin and proteins recruited to the endogenous 5 gene. Nevertheless, our findings clearly indicate that EBF stimulates transcription independently of p300/CBP or PCAF. Thus, it probably serves a purpose at the 5 promoter other than to recruit HATs. The dose of EBF has been shown elsewhere to affect directly position effect variegation of a 5 transgene integrated into alpha satellite heterochromatin (26) , and so it is likely to play an important role in regulating chromatin structure. We have shown that EBF can interact with BRG1, a component of the mammalian SWI/SNF chromatin remodeling complex (32; Zhao, unpublished observations); however, we do not yet know if EBF actually recruits chromatin remodelers to the 5 gene in B cells. Given the recently identified role of histone methyltransferases in the regulation of position effect variegation (20) , it is possible that EBF in- teracts with several distinct proteins that affect chromatin dynamics. On the other hand, given its sensitivity to E1A, E47 is likely to recruit HATs to the 5 promoter. The interdependent functions of E47 and EBF are supported by genetic studies in mice. O'Riordan and Grosschedl examined lymphopoiesis in mice heterozygous for mutations in both the E2A and EBF genes (36) . The compound heterozygotes showed a significant block in pro-B-cell differentiation, while single heterozygotes were much less affected. The block was later than that seen in mice homozygous for mutations in either E2A or EBF. Genes whose expression was diminished included 5, Pax5/BSAP, mb-1, Rag1, and Rag2. Although we have looked only at the interplay between E47 and EBF at the 5 promoter, we would assume that they play similarly distinct roles in the transcriptional activation of these other genes as well. In fact, it has been shown elsewhere that E47 cannot activate the endogenous V-preB gene on its own but can synergize with EBF to give a dramatic activation, a scenario much like what we've described for 5 (46) . We propose that the genetic interaction reflects a mutual dependency-each protein making a unique contribution to gene activation-rather than a simple dosage effect.
B-cell development is a complex process, involving a battery of finely tuned transcriptional events that regulate a host of B-cell-specific genes at different times (41) . For the case of E47 and EBF, which work together to activate several B-cell-specific genes, we propose that their collaboration arises through their two different but complementary activities. To date, the case for the 5 promoter is unique. Although there are countless examples of transcription factors that work together to activate gene transcription, for the most part they are all capable of recruiting HATs, and thus it is difficult to know without detailed promoter recruitment studies if they play mechanistically distinct roles. For proteins such as EBF-these would possibly include Twist and the Hox proteins-the case may be simpler because they cannot activate transcription by recruiting p300/CBP. Almost by definition, activation of their target genes would be expected to require some degree of chromatin remodeling. Whether this is a general requirement of the target genes of EBF, Twist, and Hox proteins remains to be determined.
